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Abstract 
A solar thermochemical water-splitting cycle which utilizes the electrolytic oxidation of aqueous ammonium sulfite 
as the hydrogen production half cycle, and an all-liquid potassium sulfate/potassium pyrosulfate salt solution for the 
oxygen production half cycle was modeled using Aspen Plus.  The thermochemistry of various molten salt mixtures 
for the oxygen production half cycle was studied.  A robust Aspen Plus chemical plant model represents the 
thermodynamic characteristics of the cycle, as verified by experiment.  The laboratory experiments showed that the 
melting point of the salt may be lowered by 100°C with the addition of sodium sulfate/pyrosulfate to the potassium 
sulfate/pyrosulfate and that the viscosities of the mixtures are low enough for pumping.  There is a temperature 
separation of ~25°C between evolution of ammonia and SO3 gases during molten salt decomposition. 
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1. Introduction  
  
This study is part of a U.S. Department of Energy (DOE) funded project with Science Applications 
International Corporation (SAIC) to use concentrated solar thermal energy to power a cost effective water 
splitting cycle for hydrogen production.  The thermochemical cycle shown in Figure 1 adapted a sulfur-
ammonia (SA) process, developed by the Florida Solar Energy Center (FSEC) [1], which has an 
electrolytic hydrogen generation sub-cycle and a molten salt oxygen generation sub-cycle.  The chemical 
steps of the SA cycle are summarized in the following equations: 
 
*Corresponding author. Tel.:858-534-3176; fax:858-534-9553. 
      E-mail address:jtalbot@ucsd.edu. 
SO2(g) + 2NH3(g) + H2O(l) → (NH4)2SO3(aq) Chemical Absorption (25oC )  (1) 
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(NH4)2SO3(aq) + H2O(l) → (NH4)2SO4(aq) + H2(g) Electrolytic Oxidation (80-150oC) (2) 
(NH4)2SO4(aq) +  K2SO4(l) o K2S2O7(l) + 2NH3(g) + H2O(g) Solar Thermal (400oC) (3) 
K2S2O7(l) o K2SO4(l) + SO3(g)  Solar Thermal (550oC ) (4) 
SO3(g) o SO2(g) + ½ O2(g) Solar Thermal (850oC ) (5) 
 
 The net cycle reaction represented by reactions (1)-(5) is the decomposition of water to form 
hydrogen and oxygen.  The electrolytic oxidation of the ammonium sulfite solution in reaction (2) occurs 
above ambient temperature at reasonably low pressures to yield hydrogen gas.  Reactions (3) and (4) form 
a sub-cycle by which potassium sulfate is reacted with ammonium sulfate in the low-temperature reactor, 
to form potassium pyrosulfate.  That is then fed to the medium temperature reactor where it is 
decomposed to SO3 and K2SO4 again, closing the sub-cycle.  The potassium sulfate and pyrosulfate form 
a miscible liquid melt that facilitates the separations and the movement of the chemicals in reactions (3) 
and (4).  The oxygen production step (5) occurs at high temperature over a catalyst.  Separation of the 
oxygen from SO2 occurs when they are mixed with water in reaction (1).  All of the reaction steps 
described above have been demonstrated in the laboratory and shown to occur without undesirable side 
reactions.  By using an all liquid oxygen sub-cycle, materials handling problems could be reduced, molten 
salt storage could be used, and thermal energy recovery could be employed, resulting in easier 24/7 
operation. 
 
The objectives of this investigation were to demonstrate in the laboratory key steps in the oxygen 
generation sub-cycle to determine its feasibility.  Specifically, the molten salts must be liquid and have a 
low enough viscosity to be pumped.  The ammonia and sulfur trioxide must be evolved separately to 
avoid costly gas separation processes.  An Aspen Plus flowsheet of the entire process was developed to 
estimate efficiency.  This plant efficiency was estimated based on converged material and energy balance 
incorporating thermodynamics from literature and an integrated power plant. 
 
 
Figure 1.  Schematic of the sulfur-ammonia thermochemical cycle 
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2. Oxygen Generation Sub-cycle Thermochemistry Experiments  
 
Figure 2 shows the schematic of the oxygen generation sub-cycle of the sulfur-ammonia thermochemical 
cycle.  In order for this sub-cycle to be viable, the molten salt streams between the low temperature and 
the mid-temperature equilibrium reactors must remain liquid with a low enough viscosity to be pumped.  
Also, there must be separate NH3 and SO3 release.  The thermochemistry of this sub-cycle is described in 
Wang’s thesis  [2]. 
 
As described in [2], the melting temperatures of various molten salt mixtures were measured.  From 
melting temperatures, it was observed that a combination of 1 mole of sulfate and 4 moles of pyrosulfate 
resulted in a lower melting temperature than the sulfate by itself for both sodium and potassium.  Also, a 
combination of potassium sulfates and pyrosulfates with sodium sulfates and pyrosulfates resulted in a 
lower melting point than potassium or sodium sulfates and pyrosulfates by themselves.  Because of the 
lower melting temperature, the salt mixture of K2SO4 + 4 K2S2O7 + Na2SO4 + 4 Na2S2O7, with a melting 
temperature of 373 °C was chosen for the stream exiting the mid-temperature reactor which would be 
recycled to the low temperature reactor.  The salt mixture of K2SO4 + 9 K2S2O7 + Na2SO4 + 9 Na2S2O7, 
with a melting temperature of 332 °C, was chosen for the stream exiting the low temperature reactor to be 
recycled to the mid temperature reactor. 
  
The viscosities of the two salt streams were measured as a function of temperature in order to check 
their ability to be pumped.  Figure 3 shows a plot of the viscosity data as a function of temperature.  The 
viscosity for K2SO4 + 4 K2S2O7 + Na2SO4 + 4 Na2S2O7 ranged from 3.3 cP at 507°C to 9.3 cP at 402 °C, 
and the viscosity for K2SO4 + 9 K2S2O7 + Na2SO4 + 9 Na2S2O7 ranged from 2.6 cP at 510°C to 8.3 cP at 
393°C.  The viscosity results revealed that these two salt mixtures would be suitable for pumping in the 
sub-cycle above their respective melting temperatures. 
 
In order to bypass costly gas separations, NH3 and SO3 must be released separately in the sub-cycle. 
Thermogravimetric and differential thermal analysis (TG/DTA) were employed to study the thermal  
 
Figure 2.  Schematic of the oxygen generation sub-cycle of the sulfur-ammonia thermochemical cycle [2] 
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Figure 3.  Viscosity data as a function of temperature for A) K2SO4 + 4 K2S2O7 + Na2SO4 + 4 Na2S2O7 and B) K2SO4 
+ 9 K2S2O7 + Na2SO4 + 9 Na2S2O7.  Curves are Arrhenius fits [2]. 
  
decomposition of the molten salts.  As discussed in Wang’s thesis [2], the thermal decomposition of 
(NH4)2SO4 + K2SO4 did not result in separate NH3 and SO3 release as predicted by eq. (3) and (4). 
Therefore, different combinations of the sulfate salts were tested.  Figure 4 shows the TG/DTA data for 
the thermal decomposition of (NH4)2SO4 + 2 K2SO4 + 8 K2S2O7.  The TGA data revealed two weight loss 
stages: the first one of 4.1 wt% between 269°C and 373°C and the second one of 28.3 wt% between 
373°C and 520°C.  The endothermic DTA peaks that corresponded with the two losses were at 325°C and 
499°C, respectively.  The experimental weight loss agrees with the following decomposition reactions: 
 
 (NH4)2SO4 + 2 K2SO4 + 8 K2S2O7 → 2 NH3 + H2O + K2SO4 + 9 K2S2O7,                                 (6) 
 K2SO4 + 9 K2S2O7 → 9 SO3 + 10 K2SO4.                                                                                    (7) 
 
The TG/DTA showed that, for separate NH3 and SO3 release, 1 mole of (NH4)2SO4 must be added to 2 
moles of K2SO4 and 8 moles of K2S2O7. 
 
To better simulate process conditions, a small quartz reactor was constructed to hold a larger quantity of 
samples (1 to 10 g as opposed to the 5 to 12 mg used for TG/DTA) [2].  Residual gas analysis (RGA) was 
used to analyze the evolved gas.  Figure 5 shows the RGA data for the thermal decomposition of 
(NH4)2SO4 + K2SO4 + 4 K2S2O7 + Na2SO4 + 4 Na2S2O7 held at various temperatures.  This mixture was  
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Figure 4.  TG/DTA data for (NH4)2SO4 + 2 K2SO4 + 8 K2S2O7 heated at 5 °C/min. 
 
chosen because it retained the ratio of 1 mole of ammonium sulfate to 2 moles of alkali sulfate and 8  
moles of alkali pyrosulfate and the combination of potassium and sodium sulfates and pyrosulfates 
provided a lower melting temperature.  The RGA data showed that, when heated and held, there was a 
25°C difference between the end of NH3 release (475°C) and the start of SO3 release (500°C). 
 
The experimental results showed that the molten salt streams between the low temperature and mid 
temperature reactor had a low enough viscosity to be pumped.  Although the results revealed that NH3 
and SO3 could be released separately, the process would require careful temperature control as 25°C was 
not a large temperature gap.  Overall, these results confirmed the viability of the oxygen producing sub-
cycle. 
 
3. Aspen Plus Process Modeling 
 
Aspen Plus was used to show the convergence of material and energy balances, incorporate 
thermodynamics from literature into the process, incorporate internal electrical generation, and calculate 
the plant efficiency.  Reactions (3)-(5) are driven using solar thermal energy captured from a heliostat 
mirror array focused on a receiver.  The plant’s feed stream is water and the two product streams are 
hydrogen and oxygen; all other materials are contained within the plant.  The model is for full-scale 
operation that would generate 130,000 kg of hydrogen per day, which is equivalent to 355 MW on a 
lower heating value basis.  Thermodynamic properties of chemical species obtained from the literature 
and from the laboratory experiments were entered into the model to improve its results.  Energy 
integration using pinch analysis and an internal power plant was integral to the design to ensure an 
acceptable efficiency.  Calculator blocks were utilized to obtain power requirements for the electrolyzer 
and the overall efficiency of the plant based on a definition from the DOE. 
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Figure 5.  RGA data for (NH4)2SO4 + K2SO4 + 4 K2S2O7 + Na2SO4 + 4 Na2S2O7, where the green curve is NH4 and 
the red curve is SO3, heated from room temperature to 375°C and held for 25 min then heated at 20°C/min to 400°C 
and held for 25 minutes and heated to the following temperatures at 20°C/min and held for 60 min: A) 425°C, 
B) 450°C, C) 475°C, D) 500°C, E) 525°C, F) 550°C, and G) 575°C. 
 
Model convergence is challenging to obtain because of the extensive material recycle streams within 
the plant.  Design specifications were placed in strategic areas of the model to aid in convergence.  Along 
with the design specifications, manual tears were placed on certain streams and input/output flow values 
were brought within acceptable limits.  Manual tears were placed on the ammonium sulfate stream 
(product of the electrolyzer and feed to the low-temperature reactor) and the molten potassium 
sulfate/pyrosulfate stream (product of the mid-temperature reactor and feed to the low-temperature 
reactor). 
 
Thermodynamic data from a phase diagram from Lindberg et al. [3] were fit to an equation which 
was then used in a design specification that governed the conversion inside the mid-temperature reactor.  
The design specification varied the conversion of K2S2O7 to K2SO4 and SO3 at constant temperature and 
pressure in order to satisfy equilibrium.  Table 1 shows the results after including this design 
specification. 
 
A standard pinch analysis procedure was performed for heat integration.  The procedure described 
by Turton et al. [4] was used to perform the heat integration.  After the pinch analysis was performed, 
heat exchangers were placed appropriately throughout the flow sheet.  The high-temperature reactor was 
set at  
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Table 1. Results for the mid-temperature reactor assisted by a design specification. 
 
Mid-Temp Reactor Value 
Temperature (°C) 835 
Pressure (bar) 9 
Conversion K2S2O7 0.21 
Flow rate SO3 (kg/s) 147 
 
 
1000°C in the initial design.  Energy from the solar-thermal heated reactors was recovered from the 
SO2 gas product of the high-temperature reactor and from the NH3+H2O gas product of the low-
temperature reactor. The SO2 outlet stream of the high-temperature reactor was used to preheat the SO3 
feed into the high-temperature reactor and the molten salt feed to the mid-temperature reactor.  The low-
temperature reactor was set at 400°C in the initial design.  Power generation was built into the flow sheet.  
There are two options for the outlet of this reactor, consisting of ammonia and water, to be used as a 
source of electrical power generation.  The first option is a single-flow condensing turbine that expands 
the ammonia/water vapor stream from 9 bar to a sub-atmospheric pressure maintained by a condenser.  
This option produced ~250 MW.  The second option is a standard Rankine steam power plant.  The steam 
would be produced by heat exchange from the ammonia/water vapor stream to water and electrical power 
produced in the standard way.  This option produced ~260 MW.  Both options generate more power than 
the ~230 MW needed for the electrolysis portion of the process.  However, there are pressure effects on 
the solar reactors that make the steam power plant a viable option.  Because there is gas evolution in all 
three solar reactors, a greater pressure causes the need for higher temperatures.  These higher 
temperatures then require a greater heat duty for the reactors, and thus a lower efficiency.  Running the 
process at atmospheric pressure, or slightly above, would lower the temperatures of the three solar 
reactors, increasing efficiency but increasing the capital cost.  Further analysis of these trade-offs is 
needed.  The DOE working definition of the efficiency is shown in Eq. (8).  It is based on the lower 
heating value of the total amount of hydrogen produced. 
 
                          2 ( )
[ ]gf H O
H
Q E
K
q'              (8) 
 
where Q is the total heat requirement of the three solar reactors and E is the electrical requirement 
purchased from the grid (in this work, E is equal to zero and no credit is obtained for the excess electricity 
produced).  The total heat requirements of the solar reactors along with the total hydrogen product were 
used in a calculator block assigned to compute the overall efficiency of the plant.  This calculator block 
was placed in the flow sheet for the ability to compute the efficiency any time the process converged and 
with any changes made to the input parameters.  Currently, the overall process efficiency is 23%. 
 
The results obtained from the Aspen flow sheet show that this process is complicated due to the 
many recycle streams but it can be closed.  The use of design specifications have made it possible to input 
laboratory data into the model.  An overall efficiency of 23% may be increased with further research into 
more improved heat integration and different modes of power generation.  The work with Aspen has 
shown the viability of this process. 
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4. Conclusions 
 
For the all-liquid, high-temperature oxygen generation, the experimental results prove that the sub-
cycle is feasible; the molten salts have a low viscosity and therefore could be pumped.  The results of the 
thermochemical reactor with the RGA showed ammonia and sulfur trioxide can be evolved separately. 
 
The Aspen Plus process modeling demonstrates successful process integration and showed the 
convergence of material and energy balances.  The model integrated thermodynamics from the literature 
and experiments.  The possibility of internal electricity generation to meet power requirements for 
electrolysis was shown and the efficiency of the process can be calculated.  Optimization of process and 
integration into a viable solar concentrating system and receivers needs to be further evaluated.  Aspen 
Plus will continue to be used to optimize the thermochemical cycle configuration. 
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